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Fire is a common perturbation in the grassland ecosystems throughout the world. Effect of fire on carbon stock, rate of C-accumulation and soil CO 2 GRASSLANDS cover about one quarter of the earth's land surface 1 and span a range of climatic conditions from arid to humid. They play an important role in biosphere feedback of atmospheric CO 2 increase and climate change 2 . Grassland ecosystems can contribute to CO 2 mitigation through carbon accumulation in soil 3 . Grassland soils are high in soil organic carbon and contain an extensive fibrous root system, that creates an environment ideal for soil microbial activity 4 . Measurement of CO 2 flux from grassland soils supports their importance in global carbon budget 5 . Grasslands can vary greatly in their degree and intensity of management, from extensively managed rangelands to intensively managed. Anthropogenic land use is now widely considered to either contribute to carbon emissions through degrading land practices or to function as a carbon sink for atmospheric carbon through accumulation in below and aboveground forest and grassland components 6 . This has stimulated research on many different ecosystems regarding global carbon dynamics, and their potential role in the recently developed carbon markets 7 . Reforestation and better grassland management are some of the ways through which carbon credits for the voluntary carbon market can be generated 8 . In many grasslands, the presence of fire is a key factor in preventing the invasion of woody species, which can significantly affect ecosystem carbon storage 9 . Fire is regarded as an active ecological agent able to mobilize nutrients and restore soil fertility 10 , but it is also a primary cause of soil degradation due to nutrient loss for volatilization, leaching and erosion, especially in severe wild fires. It is, in fact, considered a major disturbance in many ecosystems leading to important shifts in soil properties and vegetation 11 . One of the most common effects of fire is the alteration in the composition and amount of soil organic matter 12 . Fire also influences the rate of soil CO 2 flux by changing the contribution of autotrophic respiration to total soil CO 2 flux and by modifying the amount of soil organic matter in the top soil.
Annual burning of grassland vegetation is a common practice not only in north eastern India but also in other parts of the world. It influences species composition and productivity and nutrient cycling in the grassland ecosystem. The Indian grasslands have originated from forest vegetation through deforestation and abandoned cultivation and are maintained at various succession levels owing to grazing and burning 13 . In north-eastern India, different grassland types occur owing to its origin from various forest types ranging from tropical rainforest, subtropical and temperate 14 . The effect of burning on vegetation carbon stock, soil organic carbon, soil CO 2 flux and greenhouse gas dynamics has been reported [15] [16] [17] [18] by measuring the additional effect of fire management on aboveground and belowground C-dynamic. However limited information is available on effect of burning on carbon stock and accumulation in grassland ecosystems from north-eastern India. The main objectives of the present study were to assess the seasonal changes due to fires: (i) on carbon stock in vegetation and soil (ii) the rate of carbon accumulation and soil CO 2 flux in grassland ecosystem in Imphal, Northeast India. These objectives allowed us to test the hypothesis whether burning treatment increased or decreased C-accumulation in soil and vegetation and soil CO 2 flux in the grassland ecosystems.
The study site is located at 245450.5N and 940616.8E in Shabungkhok Khunou, around 20 km from Imphal city, in the Imphal East District of Manipur dominated by Imperata cylindrica-Sporobolus indicus grassland community. It was well protected during the study and burning treatment was performed in the part of the study area in February. The climate of the area is monsoonic with warm moist summers and cool dry winters. The year is divisible into three seasons, i.e. rainy (June-October), winter (November-February) and summer (March-May). The mean maximum temperature varied from 22.48C (December) to 30.19C (May) and the mean minimum temperature ranged from 4.97C (January) to 22.94C (August). Annual rainfall is 1166.80 mm and 65% of this fall in rainy season. The average relative humidity of air varied between 72.91% (March) and 85.97% (July).
Five permanent plots, each having an area of 10 m  10 m, were selected randomly in the field in the control site. Areas adjacent to control plots were burnt completely on 1 February 2013, and from the burnt areas, a 10 m  10 m size adjacent to each control plot was plotted and earmarked as burnt site. Biomass sampling was done from the last week of February 2013 and continued at a monthly interval until January 2014, comparing the control and burnt sites. Aboveground biomass was evaluated through harvest method by using 40  40 cm size of quadrates and belowground biomass was estimated from 15  15  30 cm soil monoliths in both the sites. These monoliths were soaked in water and the roots taken out separately. Harvested plant material was separated into live biomass, standing dead material, and litter and was dried in an oven at 80C until constant weight.
Dried plant biomass was assumed to contain 50% carbon 19 . Soil organic carbon (SOC) was estimated 20 , by taking the soil samples from different depths of 0-10, 10-20 and 20-30 cm. The SOC stock was estimated from bulk density, organic carbon concentration and the corresponding soil depths. The aboveground net production (ANP) and belowground net production (BNP) have been estimated by the summation of change in total shoot and root biomass in different months throughout the year, following the method given by Singh and Yadava 21 . Total net production (TNP) is the summation of ANP and BNP, and multiplied by 50% of carbon concentration to determine C-accumulation in ANP, BNP and total Caccumulation.
Soil CO 2 flux was measured on a monthly basis from February 2013 to January 2014, in both the study sites through the Soil Respiration System (Q-BOX SR1LP), Canada. Statistical analysis was carried out using the software IBM SPSS 20 and Statistica. ANOVA was used to determine the difference in various months of the year. Simple linear regression was used to find out the relationship between soil carbon stock and litter biomass. t-tests were used to compare the biomass and soil CO 2 flux in the two sites.
Live aboveground biomass ranged from 108.33  54. (Figure 1 b) . Average mean monthly aboveground biomass was higher in the control than that of burnt site.
Maximum aboveground biomass was recorded in September in the control site and October in the burnt site. It is obvious as most of the annual species and aerial parts of perennial species attained maturity by September/ October, and start drying up more rapidly due to onset of cold and dry period. Aboveground biomass was significantly different between the two study sites (t = 3.73; d f = 12; P = 0.001).
The vegetation of burnt site prolongs the grand growth period by sprouting their shoots earlier and delaying in maturity of the species in addition to their high biomass accumulation. Therefore annual burning of grassland during later part of winter season (January/February), seems to be an appropriate technique for the removal of standing dead and litter, in enhancing sprouting of new shoots; and delay in maturity of the species and thus increase in the productivity of humid grasslands.
The analysis of variance shows a significant difference in aboveground biomass between the samples collected in different months in the control (F = 35.43; df = 11; P < 0.001) and burnt site (F = 35.46; d f = 11; P < 0.001).
In the control site, the amount of standing dead material was between 316.25-500.3 gm -2 and 44.71-385.43 gm -2 in burnt site (Figure 1 ). The maximum value of standing dead was recorded in December/January in both sites due to transfer of live biomass to standing dead during cool and dry winter months.
In the control site, litter varied from 50.50  16.1 gm -2 (April) to 74.81  24.7 gm -2 (January; Figure 1 a) . The maximum value in January might be due to larger transfer of standing dead materials to litter and slow decomposition of litter in cool and dry period. In the burnt site, litter was recorded only from August (18.6  gm -2 ) due to burning in February, and increased consistently attaining a maximum value of 27.05  7.2 gm -2 in October (Figure  1 b) . The analysis of variance shows a significant difference between the litter samples collected in different months in both the sites (F = 2.26; df = 11; P < 0.01).
In the control site, belowground biomass ranged from 1581.0  530.1 gm -2 (May) to 2303.2  240.9 gm -2 (January; Figure 2 ). The minimum value in May may be due to upward translocation of assimilates from the roots that are used to support the growth of sprouts after monsoon shower and the maximum value during winter months is due to downward translocation of food reserve to roots and rhizome due to drying up of aerial parts of plants 21 . Thus, the cool and dry period is congenial, for the buildup of higher biomass in belowground parts in the grasslands. Similar trend was also observed in burnt site with a minimum in May (1601.9  128.9 gm -2 ) and maximum in January (2251.6  463.6 gm -2 ) though the average value of belowground biomass was slightly higher than that of control site. No significant difference was observed in the belowground biomass in the control and burnt site (t = 1.83; df = 12; P > 0.001). It shows that fire has not impacted the belowground biomass in the present grassland.
Our data of carbon stock in total aboveground biomass showed higher values (3.28 Mg C ha -1 ) in control site than that of burnt site (1.99 Mg C ha -1 ). In both the sites the carbon stock in total aboveground biomass was highest in rainy season and lowest in summer season ( Table  1) . Out of the total aboveground biomass, 33% and 52% was reflected in live biomass in control and burnt site respectively, and rest stored in dead stand and litter. Higher storage of C in live biomass in burnt site may be due to the fertilizing action of the ash material on the soil surface and increased the fertility of the soil. Our data of carbon stock in aboveground biomass in control site was similar to the data reported in tropical alpine tussock 23 . Carbon stock in belowground biomass was highest in winter season followed by rainy and summer season ( Table 1 ). The present study shows higher values for Leymus chinensis grassland of Northern China 24 (5.57 Mg ha -1 ) and Brazilian Cerrado wet grass 25 (2.58 to 2.77 Mg ha -1 ). Thus it shows that the tropical grassland has high capacity in storing of carbon in belowground than the temperate grasslands. Out of total carbon in biomass (AGB + BGB) 73.8% and 88.6% of carbon was stored in belowground biomass of control and burnt site respectively, and was similar to the finding reported in the grassland of China 26 , where 88.1% of carbon is stored in belowground biomass. It shows that high percentage carbon stock in the belowground parts is an adaptive feature of the grasslands.
The SOC was higher (57.28  11.23 Mg ha -1 ) in control than burnt site (44.74  12.3 Mg ha -1 ). In both the sites SOC stock was highest in rainy season and lowest in winter season (Table 1) because of faster decomposition of plant debris during the winter season.
The high value of soil carbon stock in the control site is due to high rate of litter production and faster decomposition of litter. The SOC stock in the soil was related with the litter as given by the linear regression equation, y = 72.02x -0.911 in the control site and y = 39.78x + 8.657 in the burnt site, where y = soil organic carbon (Mg C ha -1 ) and x = C stock in litter biomass (Mg C ha -1 ). This relation shows a significant positive correlation in both the sites; r = 0.98; P < 0.001, Figure 3 a in the control and r = 0.55; P < 0.001, Figure 3 b in the burnt site. It explains 95% and 30% variability in the SOC stock in the control and burnt sites respectively due to variability in the carbon stock of litter biomass. Thus it shows that litter components have been the controlling factors in the storage of carbon in the soil. The soil organic carbon stock was higher in the control site than the burnt site as fire consumed litter in the beginning of study and similar finding was also reported in the semi-arid grasslands 17 . The present data on SOC stock in the control site (57. Out of the total organic carbon in soil and vegetation system, 79-82% was stored in soil and 18-21% in the vegetation in both the sites. Thus the present study reveals that most of the carbon in the studied grassland is stored in soils than that of the vegetation components, where C turnover times of the bulk soil carbon are relatively long.
The annual rate of aboveground C accumulation was higher in burnt site (3.53 Mg C ha -1 year -1 ) than the control site (2.17 Mg C ha -1 year -1 ) ( Table 2 ). It seems fire promotes luxuriant growth of grasses on the addition of nutrients from the ash content by enhancing soil fertility. The new shoots sprouted from the rhizomes shortly after the fire, which was due to the removal of the apical dominance by killing the old shoots by fire and reserve mobilization 29 . The increased of rate of accumulation in the burnt site may also be due to the removal of the shading effect and the exponential growth of younger tillers was an additional factor, stimulating shoot production in burnt site and the availability of more nutrient from the burnt ash materials.
The rate of belowground ground C accumulation was found to be 4.55 and 4.41 Mg C ha -1 year -1 in the control and burnt site respectively (Table 2) . It is similar in both the sites during the summer season but during the rainy season burnt site had higher rate of accumulation. Perhaps the luxuriant growth of the annual plants, contributes to more root production in the burnt site due to addition of more nutrients on burning in the preceding season.
In the present grassland the rate of carbon accumulation in belowground was higher than that of aboveground parts in both burnt and control grassland. It shows that belowground parts play a significant role in C accumulation. Sims and Singh 30 described that photosynthates are translocated downwards, to storage regions in the roots and thus help increase the productivity of belowground parts.
In the present study we find that the total rate of carbon accumulation (AGB + BGB) was higher in the burnt site than the control site, in the Imperata cylindricaSporobolus indicus grassland community and was in the order of rainy > winter > summer season in both the sites. Thus annual burning of grassland during dry winter season seems to be unique technique, for the removal of standing dead shoot and accumulated litter, in enhancing new shoot sprouting and delay in maturity of the species, which results in the enhancement of accumulation of carbon.
Soil CO 2 flux ranges from 3.16 to 12.64 Mg C ha . These results indicate that fire had a transient effect on the rate of soil CO 2 flux. Burnt plot emitted significantly less soil CO 2 than the control site. In control site all C in the organic matter is returned to the atmosphere via decomposition pathways. However in burnt plots, fire removes organic carbon in grassy fuels and leaf litter, before it has a chance to enter decomposition pathways, reducing belowground inputs. These estimates suggest that the removal of the litter layer by fire in the previous dry season results in the decrease of the rate of soil CO 2 flux, and influences soil C cycling by altering the plant-derived organic matter. A decrease in the rate of soil respiration in the burned grassland than the control of west Ethiopia is also reported 19 . Our present study shows that the rate of soil CO 2 We also find a significant seasonal changes in the rate of soil CO 2 flux due to burning treatment. In the control site, the rate of soil CO 2 flux was higher in the wet season ) due to low input on burning of litter in later part of winter season and low microbial activity. We find that the rate of soil CO 2 flux was more than three-fold higher on control plots compared to the burnt plots in the wet season. Not much difference was observed between control and burnt site in the dry season (t = 0.07; df = 12; P > 0.01), because of the senescence of the grass layer and also of the decrease of soil moisture, which lessen the diffusion of organic C-substrate through the soil profile and lower the microbial activity. In the burnt site, there was low rate of soil CO 2 flux in the wet season and similar observations were also reported on the burned grassland of Ethiopia 19 and on the tropical savannas of Australia 21 . Annual carbon pool and carbon flux rate in the different components of grassland ecosystem are shown in Table 3 . Carbon stock in aboveground parts was comparatively higher in control site than burnt site, but it was reversed in belowground parts as it exhibited higher in the burnt site. The soil carbon stock and rate of soil CO 2 flux were higher in control site than those of burned site due to heavy load of standing dead transfer to litter during summer, coupled with congenial environmental conditions and high microbial activity during wet season. Rate of C-accumulation was higher in burnt site than that of control in the year following fire. Our estimates of carbon budget reveal that an accumulation of 3.88 Mg C ha -1 year -1 was found in the grassland ecosystem on fire treatment and maintained normal equilibrium in control site.
In conclusion, the present study indicates that burning has a dramatic effect on the carbon stock and soil CO 2 flux in the sub-tropical grassland ecosystem dominated by Imperata cylindrica-Sporobolous indicus. The difference in the rate of carbon accumulation and soil CO 2 flux in the control and burnt site indicates that burning has a significant effect on the grassland ecosystem. Thus the present study reveals that burning enhances the rate of accumulation in the year following fire by prolonging the grand growth period of the vegetation by sprouting their shoots earlier and delaying in maturation of grasses. However the soil carbon stock and soil CO 2 flux decline on burning because of combustion of surface litter inputs and the decrease in the root activity and exhibited strong seasonality. Thus the sensitivity of the rate of Caccumulation and soil CO 2 flux to different land use practices (fire and grazing) suggest that it is critical to include these factors in the development of grassland C-budgets and C-cycling in the formulation of the regional models.
